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ABSTRACT

The dependence of collective nuclear flow on impact parameter and beam energy

from 25 to 85 MeWu has been measured for Ar -r Al with the 4 - array Mur -r Tonneau.

The flow of the panicles emitted from the interaction region is attributed to scattering at

negative angles. When the energy increases, compression gradually opposes this negative

scattering, undi the flow falls to zero. This is obtained at a beam energy in the range 70-

SO MeV/u for impact parameters below 2 fm and increases with the impact parameter.

THIS smdy as a function of the irnpac: parameter and the energy should allow information

both on the nucleon-nucieon cross section in medium and the EOS of nuclear matter to be

obtained.
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Collective transverse momentum in nucleus-nucleus collisions has been studied

mostly at energies above 200 MeV/u. For the panicles emitted from the interaction region

at the beginning of the collision (participants), a specific analysis method 1J allowed the

component of their transverse momentum pt on the reaction plane (px) to be obtained, the

so-called sidewards flow 2X At these high energies, the interaction is dominated by two-

body collisions and the flow is attributed to a repulsive momentum transfer in the

compressed interaction region. Conversely, at a few tens of MeV/u, the interaction is

dominated by the attractive mean field. There, fragments have been shown to be deflected

to nesarive angles 3)- The continuous evolution from negative to positive flow values as a

function of incident energy has been studied with the Boltzmann equation 4X The flow

values strongly depend on the incident energy and on the impact parameter. Different

compressions are reached at different impact parameters, leading to different distances

between nucléons in the interaction region. The values are sensitive both to the nucleon-

nucleon cross section Cff̂  in the nuclear medium and to the equation of state through the

compressibility factor K. In order to disentangle the respective influences of two

parameters (ONN and K) by comparing the results of such calculations to experimentally

determined flow values, the flow should be measured as a function of two variables,

namely the incident energy and the impact parameter.

Tnere is some uncertainty in determining the reaction plane from experimental data

in each event. The flow obtained in a group of events (same incident energy, same impact

parameter) must be multiplied by the correcting factor 1 / < cos A(? >, where A(D is the

angle between the true and estimated (from the data) reaction plane in an

event. Tne value of < cos Ao > can be estimated l \ but it remains subject to a large

uncertainty. This difficulty can be avoided by looking at ihe energy where the attractive

and repulsive parts of the potential balance each other. There, the flow is zero and no

correcting factor is needed. This value, called E-Da] ^). is strongly dependent on the impact

parameter in die calculation of ref.4|. In this paper we report the first experimental study

of Epai as a function of the impact parameter.

The meas'jrec value is the absolute value of the flow. Hence, for a fixed impact

parameter b. the measured flow should decrease when the energy' increases and reach

zero at E-Oaj Co) then rise again at energies above Ebai Co)- According to calculations s\

tfaai Co) depends on the mass of the colliding nuclei — it decreases for heavier systems.

Recently, an experimental study of the transverse momenta in La -s- La reactions above 50

MeVVu seemed :o indicate the disappearance of flow in the region 30-50 MeV 6). and a

snidy of reactions of "0Ar on -1V from 35 to 85 MeWu lead to a lower limit of 76 MeV

-s. :n central reactions for both experiments.



We have performed an exclusive experiment in which the charge and velocity of

nearly all charged products were measured on an event by event basis. We chose the

SVStCnT10Ar -r -7Al for which we have already studied the formation of incomplete fusion

nuclei7) and the emission of pre-equilibrium particles 8X The measurements have been

made from 25 to 65 MeV/u in steps of 10 MeV/u. Measurements were also taken at 85

MeV/u with 36Ar projectiles.

In our reverse kinematics system, two complementary multidetectors, which cover

2TC in the lab, span nearly 4JC in the center-of-mass. The forward angles between 3.2 and

30 degrees were covered by a plastic wall (MUR) 9). AU angles between 30 and 90

degrees were covered using a spherical half-barrel (TONNEAU) 10X Elements were

separated using the energy vs time of flight technique. All events with a multiplicity larger

than 1 were recorded. Very peripheral interactions result in an excitation energy too small

to emit a charged particle and are thus eliminated by the trigger condition.

The main limitation of this multidetector is the absence of isotopic identification.

However.the momenta per nucléon are correct since velocities are directly obtained.

Another advantage is the small value of the minimum polar angle (3.2°) which improves

the impact parameter sorting S-H) and allows one to determine the velocity of the

equilibrated nuclei.

Neutrons are not detected and 10-15 % of the charged products are missed due to

narrow dead areas between the detectors and the absence of detectors at backward and

very forward angles. The first step in the event by event analysis was to demand that the

total parallel momentum of all detected products was more than 65 % of the projectile's

linear momentum 7>8--. Since the grazing angle is close to 1° and the minimum detection

angle is 3-2°, many peripheral reaction events are eliminated because the projectile-like

fragment is generally not kicked to more than 3.2°, and most of the linear momentum is

nor measured in these cases. The analysis keeps all central and intermediate impact

parameter reactions as well as a few well characterized peripheral reactions. Simulation

calculations confirmed this picture 7-31\

Tne next siep was to sort events according to their impact parameter value b. We

used the value of the average (mass-weighted) parallel velocity Vav 8). it gives, for such

systems, the best correlation between the real impact parameter and the experimentally

determined one11). Eleven Vav bins have been used, going from very central reactions

(bin Î) to peripheral reactions (bin 11). In each bin. two sources of charged products are

cleariy seen s» : First, pre-equiiibrium particles emitted from collisions in the interaction



region, located around half of the beam velocity. They are called participants in relativistic

collisions. And second, products from the equilibrated nucleus formed by the remaining

nucléons from the projectile and ihe interaction region. This nucleus ranges from

projectile-like fragments located slightly below the projectile velocity (bin 11) to

incomplete fusion nuclei located between the projectile and center-of-mass velocities (bin

1). Note that in central reactions these "spectators" are very active (they emit many

particles) and are not located at the projectile velocity. The target spectators are not

detected due to threshold effects.

The reaction plane is estimated *—) for each panicle i, in each event, using the

following vector which is constructed from the transverse momenta of the other

panicles :

where Pt j is the transverse momentum of panicle j , and v is the event's multiplicity.

The reaction plane is the plane containing Qi and the beam axis.

The values of COJ should be chosen to minimize the fluctuations of Qi from the true

reaction plane.

We have chosen :

OJj = Vj - Vcm Q )

where yj is the rapidity of particle j .

This form for Oj is similar to the form used in references 12, 13, except that those

authors used < y > instead of ycm for very asymmetric systems.

X

Tne value of P i is then calculated using

Pf=Qi-PTi/IQi!

Pi is not corrected for the difference in the direction of the estimated reaction

plane calculated using equation (1-2) and the true reaction plane. The first method 1 ^

tor estimating this correction is based on dividing each event into two halves and finding

the difference in the directions of the Q vectors determined with the half events. This

method does not work very well for ihe data presented here due to the low multipliciries-

Also, there is usually one relanveiv heaw de-excitation residue which is verv imnonant



for defining the reaction plane. An estimate of Q using a group of panicles which does

not include this residue is not likely to be accurate. Therefore, we have chosen to use

< px ' >. Because CÙJ (eq. 2) is pcrttive for y > ycm and negative for y < ycm the values of

< px> > should increase with increasing rapidity. This definition prevents the "now"'

values discussed below from being negative. In other words, this method does not give

the sign of the scattering angle.

Figure 1 shows a series of plots of px'/A versus the panicle rapidity (y) obtained

at 45 MeV/u for Z = 2 in bins numbers 8, 6. 4, 2 corresponding to impact parameter

values centered at 6,4.5, 2.6 and 1.6 fm with a FWHM - 1 fm ' 1X The rapidities of the

projectile, yp, the center-of-mass, yCm, and the nucleon-nucleon center-of-mass yjvĵ j = Vp

/ 2, are shown by arrows. The location of the "spectator" equilibrated nuclei is shown by

a rectangle. At 6 and 1.6 fm, the rapidity distribution of Z=2 particles is shown - helping

to see where participants and "spectators'" contribute. Tne values seen here are mostly

negative. Indeed, they are compensated by positive values of the heavy products (Z > 3)

from the equilibrated nuclei located around the rectangles. The non-detection of target-like

products also contributes to this shift as does the relatively low multiplicity. However,

only the variation of px'/A versus the rapidity is used to determine the flow, not its

absolute value.

Around y?^- the participants clearly exhibit the linear increase of px'/A versus the

rapidity which characterizes directed collective motion. At large y values, particles emitted

by the "spectator" equilibrated nucleus constitute the main contribution 8) . Their

transverse momentum is a complex combination of sidewards flow, bounce-off and a

large thermal motion. Tneir interference with participant particles causes the slope of px>

versus y to decrease ; it even becomes negative in peripheral reactions when the number

of spectator particles becomes much larger than that of participant ones. A similar effect

has been observed at higher energies 2.l2.1-)_ p o r the participants, a linear increase is

seen in ail bins, due to the reverse kinematics which separates the two sources of

panicies. Indeed, with a projectile lighter than the target, ycM would be located below

ySN. the two sources would be closer, participant and spectator particles would be much

more mixed and it would be more difficult to see the participants slope. A decrease of the

siope at >>,->; occurs from peripheral to centrai reactions. In ref 5X px7pt is plotted instead

of px . Tne authors say that this ratio is less sensitive to experimental thresholds. In our

case, me only effect is to partially compensate for the lower pt values of the "spectator"

products. Therefore, the shoulder at the equilibrated nucleus rapidity is less marked and

the "linear increase of px Zp1 for the participants extends up io a slightly higher rapidity.



As in réf. 2). the flow of the participants is the slope multiplied by (y? — V

This is shown in figure 1 at 6 fm. This value is uncorrected for Ao and is thus the lower

limit. The variation of the flow versus b is plotted in figure 2 at 36. 45, 65 and 85

MeV/u, both for Z = I and Z = 2 . A small number of Z = 3 participants are also seen in

central reactions. 25 MeV/u is similar to 36 MeV/u, 55 MeV/u is intermediate between 45

and 65. The flow at 36 MeV/u does not depend as strongly on b as at the other energies

and has the largest observed values. Our uncorrected values should not be compared to

the corrected values (which are around 80 MeV/c at 400 and 800 MeV/u for the slightly

heavier system 40Ca -s- ̂ 0Ca -). In central collisions, at 45 MeV/u, some compression is

reached. Inside the interaction region, where nucléons get closer, the potential is less

attractive and the flow falls to smaller values. At higher energies, this effect becomes

stronger. Larger flow values are observed for Z = 2 than for Z = I . This effect has

already been observed at high energies 14) and is not clearly understood. We expect both

panicles to give the same value of Ebal (b).

We see in figure 3 the flow measured at different energies for three values of be x p :

1, 3 and 5 fm. According to the simulations we have made l l \ b e x p = 1 fm corresponds

to real b values ranging from 0 to 2.5 fm with an average value -1 .6 frn. For bexp = 3 fm

and 5 frn. the average value of b is equal to b e x p and the PiVHM is 1 fm. Ebal (1-6 fm)

is located in the range 70-80 MeV : the uncertainties at 85 MeV/u are consistent with a

slight increase. Ebal (3 fm) is larger and appears to lie in the range 90-100 MeV/u. We

can compare these data with the model calculations at 3 fm 4X They exclude O.NN values

as low as 20 mb and are consistent widi a value slightly below 41mb (the free nucleon-

nucleon cross section). At 5 fm, the uncertainties on the data are large. Nevertheless, Ebal

(5 fm) is larger than Ebai (3 fm). It does not seem to be as large as the values calculated

for ONN = 41 mb (the values for <IN,TS' = 20 mb are above 200 MeV).

The data presented here, when compared to the calculations in reference 4, are not

consistent \viih the calculations which assume C?N>J = 20 mb. They agree much better

with the ONJX = 41 mb calculations, but do not exclude slightly smaller values of <JN>J.

The data can KOÎ be used to distinguish between the two values of K at b = 3 fm since the

calculated carves lie so close to each other. Tne data do not extend to high enough beam

energies to distinguish between K = 200 and K = 375 for b = 5 fm. Clearly, detailed

measurements should be made up to 150 MeV or more. On the theoretical side, detailed

calculations should be made on the system Ar+A! at all impact parameter values. The

impact parameter sorting made here allows one ro srudy the variation of the flow as a

rimction of both the beam energy and the impact parameter. These two variables are

needed in order to disentangle the effects of the nucleon-nucieon cross section and the

nuclear matter eauanon of
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FTGIIRE CAPTION'S

1 - Measured mean transverse momentum per nucléon projected into the reaction plane

as a function of the particle (Z = 2) rapidity for 45 MeV/u Ar on Al, in 4 impact parameter

bins. The average impact parameter value (b) is indicated ; the FWHM around b is - 1

fm. At 6.5 and 1.6 fm, the distribution of Z = 2 particles dN/dy is also shown allowing

two sources to be located : pre-equilibrium ("participants") around the nucleon-nucleon

rapidity, and panicles emitted from the equilibrated nuclei ("spectators") whose rapidity is

indicated by rectangles. The flow of the participants as defined in the text, is shown at

6 fm. px /A is uncorrected for the angle Ao between the true and estimated reaction plane.

2 - Flow as a function of the experimentally determined impact parameter value (beXp),

for Z = 1 and Z = 2 particles, at 4 incident energies : 36, 45, 65 and 85 MeV/u for Ar +

Al. Error bars indicate the uncertainties in getting the slopes (see figure 1). These values

are not corrected for the difference between the true and measured reaction plane and are

thus lower limits.

3 - Flow for Z = 1 and 2 particles as a function of beam energy for 3 impact parameter

values b =1.6, 3 and 5 fm. At 3 and 5 fm, the calculated values at 60, 100 and 200

MeV/u for the neighbouring system 40 + 40 (ref 4) are indicated and connected by a line

to guide the eye. The calculations show the expected variation in the flow for different

values of ONN and the compressibility constant K. The experimental data show positive

flow values since our analysis method gives only the absolute value of the flow. The

theoretical curves are shown going to negative values. The experimental values are not

corrected for the difference between the true and measured reaction plane. The solid lines

are to auide the eve.
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